. In this research, we measured the permittivity, conduction current, and space charge profile of NCs with low-density polyethylene (LDPE) and MgO.
INTRODUCTION
Polymer nanocomposite (NC) is an innovative polymer, in which only a small quantity of nm inorganic fillers are dispersed. It has been attracting much attention as an engineering plastic since various properties, especially mechanical and thermal properties, are improved [1] . It is desirable if such NCs can be used as electrical insulating materials [1] [2] [3] [4] . In this research, we measured the permittivity, conduction current, and space charge profile of NCs with low-density polyethylene (LDPE) and MgO.
EXPERIMENTAL
The samples tested are 100-ptm thick sheets of LDPE/MgO NCs, which contain 1, 5, and 10 phr (parts per hundred parts of resin by weight) MgO particles with average and max diameters of 50 and 200 nm, respectively [5] . As a reference, LDPE Figure 1 shows the relative permittivity as a function of frequency measured at temperatures from 293 K to 373 K. Figure 2 shows the relative permittivity measured at 30 Hz as a function of temperature, replotted from Fig. 1 [7] . Therefore, it is reasonable to assume that the result shown in Fig. 2 is reliable. It has been reported for many NCs that permittivity is decreased by the addition of fillers despite a higher permittivity of the fillers [8, 9] . There is a possibility that the low permittivity is an indication of a good NC [10] . In this context, Fig. 2 indicates that PE-1 is the best NC. 
Resistivity
Figure 4 shows decay characteristics of the current in each sample after dc voltage application measured at 323 K. The dc voltage applied was adjusted so that the electric field was 25 kV/mm for the samples with a thickness from 92 to 108 ptm. The current magnitude is found to be PE-5 <PE-IPE-lO <PE-0.
In order to examine the temperature dependence in more detail, the current was measured according to the following procedures. First, dc electric field of 25 kV/mm was applied to the sample at 323 K for 120 min. Since the current reached a stable steady-state conduction value, the sample temperature was lowered to 278 K at a rate of 6 K/min while the voltage remained on. Then, after the sample was held at 278 K for 5 min, it was heated to 363 K at a rate of 6 K/min and held at that temperature for 10 min. Finally, the sample was cooled to 278 K. In this measurement, the current while the temperature is increasing was lower than that during the temperature decreasing. As shown in Fig. 2 , the permittivity decreases as the sample temperature increases. Namely, the sample capacitance changes during the temperature increasing and decreasing, which induces displacement current of about 7 pA with the directions opposite and identical to the conduction current, respectively, for all the samples. Therefore, the experimentally obtained curves during the temperature increasing and decreasing periods were shifted by adding or subtracting 7 pA. As a result, the two curves agree quit well with each other. After the current curves measured for all the samples were corrected by the above-mentioned method, their resistivity values were calculated and are shown in Fig.  5 . The order of the resistivity, PE-5 > PE-i1 PE-10 > PE-0, has been confirmed again. This order is exactly opposite to that of tan shown in Fig. 3 . This is reasonable, since the conductive current is one of the main reasons of tan 3, especially at relatively low frequencies.
These results indicate that the optimum filler content is around I to 5 phr. This tendency agrees with the above-mentioned permittivity measurement, from the viewpoint that the addition of a small quantity of fillers is optimum for these properties. Furthermore, similar increase in resistivity by adding a proper quantity of nanofillers has been reported for various NCs such as polyimide and polyamide NCs [4, 11] . There is a possibility that molecular motions, which help electronic or ionic charge carriers escape from traps by hopping, are restricted by the addition of a proper quantity of nano-fillers.
Space Charge Distribution Figure 6 shows space charge distribution profiles measured for PE-I right after, 3-min after, and 10-min after the initiation of voltage application when the anode was Al that was set near the acoustic sensor. Plenty of positive homocharge is seen before the anode. Similar presence of positive homocharge has been frequently reported for LDPE [12] .
By the presence of homocharge, the charge amount observed on the anode is decreased as shown in Fig. 6 . Therefore, the amount of homocharge present in the bulk can be estimated by the total amount or the highest density of the anode charge. Figure 7 shows change in the highest anode charge density by the voltage application time for all the samples in the case of the Al anode. It is clear from Fig. 7 that the homocharge formation is the most active in PE-1, followed by PE-0, PE-5, and PE-1O in that order.
Space charge in a sample is generally more easily observed after the sample was short-circuited than during the voltage application as long as the charge has a relatively long life. Figure 8 shows time-dependent change in space charge distribution after short-circuit following the 10-min application of dc voltage, observed in sample PE-1. The presence of positive homocharge in the bulk is clear. Figure 9 the conductive current is one of the main reasons of tan A There is a possibility that molecular motions, which help electronic or ionic charge carriers escape from traps by hopping, are restricted by the addition of a proper quantity of nano-fillers.
3) The amount of positive homocharge in the vicinity of the anode is the largest in the sample with l-phr fillers.
4) From the results mentioned above, the most suitable filler content that shows the best insulation property seems to lie in between 1 to 5 phr. Presence of homocharge in the vicinity of electrodes usually suppresses carrier injection from the electrodes, by reducing the electric field intensity. Therefore, there is a possibility that the abundance in homocharge in PE-I is a reason of its high resistivity.
CONCLUSION
Measurements of dielectric properties were carried out for nanocomposites of low-density polyethylene and MgO. As a result, the following features have become clear.
1) The dielectric permittivity shows minimum at 1 
